The trapping of lipid-laden macrophages in the arterial intima is a critical but reversible step in atherogenesis. However, the mechanism by which this occurs is not clearly defined. Here, we tested in mice the hypothesis that CD36, a class B scavenger receptor expressed on macrophages, has a role in this process. Using both in vivo and in vitro migration assays, we found that oxidized LDL (oxLDL), but not native LDL, inhibited migration of WT mouse macrophages but not CD36-deficient cells. We further observed a crucial role for CD36 in modulating the in vitro migratory response of human peripheral blood monocyte-derived macrophages to oxLDL. oxLDL also induced rapid spreading and actin polymerization in CD36-sufficient but not CD36-deficient mouse macrophages in vitro. The underlying mechanism was dependent on oxLDL-mediated CD36 signaling, which resulted in sustained activation of focal adhesion kinase (FAK) and inactivation of Src homology 2-containing phosphotyrosine phosphatase (SHP-2). The latter was due to NADPH oxidase-mediated ROS generation, resulting in oxidative inactivation of critical cysteine residues in the SHP-2-active site. Macrophage migration in the presence of oxLDL was restored by both antioxidants and NADPH oxidase inhibitors, which restored the dynamic activation of FAK. We conclude therefore that CD36 signaling in response to oxLDL alters cytoskeletal dynamics to enhance macrophage spreading, inhibiting migration. This may induce trapping of macrophages in the arterial intima and promote atherosclerosis.
Introduction
Cardiovascular disease is currently the leading cause of death in many developed countries, and atherosclerosis is the most important underlying pathology (1) . Atherosclerosis is a disease characterized by accumulation of lipids and an inflammatory response in the arterial intima, resulting in the formation of plaque that can lead to arterial narrowing and that is susceptible to rupture with acute thrombotic occlusion (2, 3) . In the initial stage of atherogenic inflammation, monocyte-derived macrophages perform a critical role by internalizing oxidized LDL (oxLDL) through scavenger receptors (4, 5) . While macrophages normally migrate after engulfing pathogens, these lipid-laden macrophages, known as foam cells, do not leave the lesion after clearing the lipids (6) . Thus, their normal biological role is perturbed. Moreover, macrophages trapped in the arterial intima provoke an inflammatory response at the local site (7) (8) (9) . Previous studies of atherosclerotic plaque regression revealed that the regressed lesion was characterized by disappearance of foam cells (10, 11) caused by their emigration from plaque into regional lymph nodes (11) . Understanding mechanisms that regulate macrophage trapping in lesions and foam cell emigration from lesions could lead to development of novel strategies for the treatment of atherosclerosis.
CD36, a member of scavenger receptor B family, is a transmembrane glycoprotein receptor that is expressed in a variety of cells, including monocytes and macrophages. Macrophage CD36 has been implicated in atherogenesis by mediating uptake of oxLDL and foam cell formation (12) , and Cd36-null mice on the proatherogenic Apoe-null background showed significantly less atherosclerotic lesion formation (12) (13) (14) (15) than Apoe-null mice. Recent studies have also revealed that macrophage CD36 functions as a signaling molecule, transmitting signals via specific Src and MAP kinases, including Lyn and JNK1 and JNK2 upon binding to ligands, including oxLDL (16, 17) . These signals are required for oxLDL internalization and foam cell formation (16) .
In the current study, we set out to test the hypothesis that CD36 signaling in response to oxLDL may contribute to cytoskeletal rearrangements and thus macrophage spreading and migration. We report using both in vitro and in vivo assays that oxLDL induced CD36-dependent inhibition of migration. Mechanistically, this inhibition was associated with generation of ROS, enhancement of focal adhesion kinase (FAK) phosphorylation and actin polymerization, and inhibition of Src homology 2 domain-containing phosphotyrosine phosphatase (SHP-2). These studies thus reveal a potential mechanism for macrophage trapping in atherosclerotic lesions.
in vivo, we measured LPS-induced efflux of murine macrophages from the peritoneal cavity using the method developed by Cao et al. (18) . In this assay, the number of macrophages remaining in the peritoneal cavity after an intraperitoneal injection of LPS is determined and compared with that of macrophages remaining after PBS injection. We used a form of oxLDL generated by myeloperoxidase (MPO) and nitrite that we term NO 2 LDL in these studies. This is a specific high-affinity ligand for CD36 with little capacity to bind scavenger receptor A (19) . We first confirmed the observation by Cao et al. that LPS induced efflux of macrophages from the peritoneal cavity; approximately 40% of macrophages migrated from the peritoneal cavity 4 hours after LPS injection. No efflux was observed, however, when mice were injected with NO 2 LDL prior to LPS ( Figure 1A) . A control, a nonoxidized LDL preparation that was exposed to all components of the MPO system except the oxidant (termed NO 2 -LDL) had no such inhibitory effect on emigration. Intraperitoneal injection of LPS in Cd36-null mice induced macrophage efflux to similar degree as in WT mice, but unlike in the WT mice, NO 2 LDL did not have an inhibitory effect ( Figure 1B ). These studies suggest that peritoneal macrophage trapping by NO 2 LDL is dependent on CD36.
To exclude the possibility that the inhibitory effect of NO 2 LDL was due to induction of macrophage apoptosis, we analyzed the peritoneal cells by flow cytometry. As shown in Figure 1C , 10.7% of the macrophages taken from mice after intraperitoneal injection of LPS stained positively with annexin V, indicating early apoptosis, and 9.75% stained with both annexin V and 7-amino-actinomycin D (7-AAD), indicating late apoptosis. Treatment with NO 2 LDL prior to LPS did not influence the degree of apoptosis; 5.71% of the cells showed evidence of early apoptosis and 3.82% late apoptosis.
oxLDL inhibits macrophage migration in vitro in a CD36-dependent manner. Having shown CD36-mediated inhibition of emigration by oxLDL in vivo, we next showed that NO 2 LDL inhibited migration of macrophages in vitro using a modified Boyden chamber.
We quantified migration by staining the nuclei of the migratory cells on the lower side of insert membrane. Figure 2A shows that NO 2 LDL inhibited both random and monocyte chemotactic protein-1-directed (MCP-1-directed) macrophage migration; without MCP-1, NO 2 LDL inhibited migration by 98% and with MCP-1, by 87%. We examined the effect of various other lipoproteins including HDL, NO 2 -LDL, acetylated LDL (Ac-LDL), and copper-oxidized LDL (Cu 2+ oxLDL). Cu 2+ oxLDL inhibited macrophage migration to the same degree as NO 2 LDL ( Figure 2B ), while NO 2 -LDL, Ac-LDL, and HDL had no effect. Using peritoneal macrophages from WT and Cd36-null mice, we showed that NO 2 LDL inhibition of macrophage migration was CD36 dependent ( Figure 2C ). Cd36-null macrophages migrated to the same extent as WT under basal conditions, but in the presence of NO 2 LDL, WT cells were inhibited by greater than 80%, whereas Cd36-null macrophage migration was inhibited by less than 40%. We also performed migration assays with murine macrophages pretreated with a monoclonal antibody against CD36 and found that the level of migration in response to NO 2 LDL was similar to that observed in Cd36-null cells (data not shown), further supporting the hypothesis that oxLDL-induced inhibition of macrophage migration in vitro is partially dependent on CD36.
Inhibition of macrophage migration by oxLDL was also observed with human peripheral blood monocyte-derived macrophages. NO 2 LDL inhibited migration in the Boyden chamber by approximately 75% ( Figure 2D ), whereas NO 2 -LDL had no significant effect (data not shown). We observed the same degree of inhibition of migration by NO 2 LDL using THP-1 cells, a human monocytic cell line, that were differentiated to macrophage-like cells by incubation with PMA (data not shown). The migration-inhibitory effect of NO 2 LDL was prevented by pretreatment of human monocyte-derived macrophages with a monoclonal antibody against CD36 but not an isotype-matched control IgG ( Figure 2D ).
We also examined the effect of thrombospondin-1 (TSP-1) on macrophage migration. TSP-1 is a CD36 ligand that mediates an antian-
Figure 1
Macrophage migration in vivo is inhibited by NO2LDL in a CD36-dependent manner. (A) Thioglycollate-elicited peritoneal macrophages were isolated by lavage and counted 4 hours after mice were injected intraperitoneally with LPS. In some cases, mice were pretreated with NO2LDL or control LDL (NO2 -LDL; 50 μg) prior to LPS injection. Data are plotted as the migration index, defined as [1 -(peritoneal macrophage count from each animal/average number of peritoneal macrophages of the thioglycollate-only control group mice)] × 100 (%). n = 10-15 per group; significance was determined by ANOVA and Bonferroni's multiple comparison test. giogenic function in microvascular endothelial cells (20, 21) . TSP-1 did not inhibit macrophage migration in the Boyden chamber (Figure 2B) , suggesting that the migration-inhibitory effect of NO 2 LDL may be driven by the oxidized lipid moiety or that additional TSPmediated signals from other receptors may negate the CD36 effect.
oxLDL induces rapid CD36-dependent macrophage spreading and actin polymerization. Cell migration is a complex process that involves cellular spreading, disruption of existing focal contacts, and formation of new focal contacts (22) . We thus examined the effect of oxLDL on macrophage spreading as the first step of migration. NO 2 LDL induced rapid spreading of WT macrophages on serumcoated glass coverslips, while NO 2 -LDL did not ( Figure 3A ). After 5 minutes exposure to NO 2 LDL, there were 3 times more spread WT cells than spread Cd36-null cells relative to total cells ( Figure  3B ). The mean cellular area of WT cells was rapidly increased by NO 2 LDL, while Cd36-null cells showed a pronounced blunting and delay in response ( Figure 3C ). Similar results were observed using Cu 2+ oxLDL (data not shown).
Since cell spreading requires actin polymerization to form lamellipodia (23), we examined the effect of NO 2 LDL on the actin cytoskeleton. Macrophages from WT and Cd36-null mice were treated with NO 2 LDL and then stained with fluorescein-conjugated phalloidin to detect polymerized actin. Flow cytometric analysis showed that the amount of polymerized actin was increased by NO 2 LDL in WT but not Cd36-null cells ( Figure 3D ).
oxLDL induces CD36-dependent phosphorylation of FAK. Since the signaling pathway required for actin polymerization includes activation of FAK (24), we evaluated the state of FAK phosphorylation after macrophage exposure to oxLDL. Western blot analyses revealed that NO 2 LDL increased Tyr576/577 phosphorylation of FAK in WT but not in Cd36-null cells ( Figure 4A ). Phosphorylation could have resulted from either direct CD36 signaling or from CD36-mediated uptake of biologically active oxidized lipids. We thus incubated peritoneal macrophages from WT mice with NO 2 LDL at 37°C, a temperature at which NO 2 LDL uptake proceeds, or at 4°C, at which NO 2 LDL binds but is not internalized
Figure 2
Murine and human macrophage migration in vitro is inhibited by NO2LDL in a CD36-dependent manner. (A) Murine peritoneal macrophages were added to the upper chamber of the Transwell with or without NO2LDL (50 μg/ml) and allowed to migrate through the porous membrane into the lower chamber containing medium alone or medium with monocyte chemotactic protein-1 (MCP-1). Migrated cells on the lower side of the membrane were stained with DAPI and counted under a fluorescence microscope using a ×10 objective. (B) NO2 -LDL, Cu 2+ oxLDL, Ac-LDL, HDL (50 μg/ml each), or TSP-1 (20 nM) was added to the migration chamber and migration quantified as above. (C) Peritoneal macrophages from WT and Cd36-null mice were exposed to 0, 25, and 50 μg/ml NO2LDL and migrated cells quantified as in A. (D) Human peripheral blood monocyte-derived macrophages were treated with isotype-matched control IgG or anti-CD36 monoclonal antibody (5 μg/ml) and were added to the migration chamber with or without NO2LDL (50 μg/ml). Macrophage migration was quantified as in A. (16) . Phosphorylation of FAK was observed at 4°C, although it was slower than at 37°C ( Figure 4B ). These studies show that internalization of oxLDL is not required for phosphorylation of FAK and suggest a role for direct signaling via CD36.
As we previously demonstrated that oxLDL-CD36 binding activated the Src kinase Lyn in macrophages (16) and as FAK is known to be an Src kinase substrate, we evaluated whether oxLDL-induced FAK phosphorylation was mediated by Src kinases. Macrophages treated with the Src kinase inhibitor 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine (PP2), but not a vehicle control, did not show phosphorylation of FAK in response to NO 2 LDL (Figure 4C) . We also performed immunoprecipitation of macrophage lysates using an anti-CD36 antibody, and showed by immunoblot that FAK specifically coprecipitated with CD36 ( Figure 4D) .
To test the effect of FAK on macrophage spreading induced by NO 2 LDL, we treated mouse peritoneal macrophages with 2 chemically distinct pharmacological inhibitors of FAK, PF-573,228 and PF-562,271, and showed that both compounds completely blocked the increased spreading response to NO 2 LDL ( Figure 5 , A and B; P < 0.001). The inhibitors did not affect cell viability. In sum, these data show a direct link between oxLDL induced activation of a CD36 signaling complex and macrophage function.
oxLDL induces CD36-dependent inactivation of SHP-2 via generation of ROS. Kinetic studies showed that NO 2 LDL induced sustained phosphorylation of macrophage FAK that persisted for at least 2 hours, while TSP-1, a known FAK activator that did not inhibit migration (25) , induced transient phosphorylation lasting less than 30 minutes ( Figure 4E ). Since the prominent effect of CD36 signaling on FAK was kinetic, we explored the role of the protein tyrosine phosphatase SHP-2 (26), which is known to be a critical regulator of FAK phosphorylation dynamics. We first showed that like FAK, SHP-2 was specifically coprecipitated from macrophage lysates by anti-CD36 antibody ( Figure 4D ). Next we determined whether sustained phosphorylation of FAK by NO 2 LDL was associated with loss of SHP-2 activity. Phosphorylation of SHP-2 at Tyr580 relieves basal inhibition and stimulates phosphatase activity (27) . Using an antibody specific for phospho-Tyr580, we showed by Western blotting that exposure of macrophages to NO 2 LDL led to rapid and sustained dephosphorylation of phospho-Tyr580 in WT but not Cd36-null cells. Specific phosphory- lation was reduced by more than 75% within 10 minutes and remained low for at least 60 minutes ( Figure 6A) .
Protein tyrosine phosphatases, including SHP-2, have a critical cysteine residue in their catalytic site that is subject to thiol oxidation. Such oxidation inactivates the enzyme and is a major pathway of regulation. We measured the oxidation status of SHP-2 after exposure to NO 2 LDL using an assay developed by Wu and Terada (28) , in which active enzyme is detected by its ability to be cysteine acetylated by fluorescein-conjugated iodoacetamide. Fluorescein-bound SHP-2 was detected in anti-SHP-2 immunoprecipitates by fluorescence image scanning and showed a marked decrease 5 minutes after cell incubation with NO 2 LDL and near-complete disappearance at 15 minutes ( Figure 6B ). These data demonstrate that NO 2 LDL induced oxidative modification and inactivation of SHP-2.
Since oxidative modification of protein tyrosine phosphatases is induced by ROS (29), we incubated mouse peritoneal macrophages with NO 2 -LDL or NO 2 LDL and measured ROS generation by staining with 2′,7′-dichlorodihydrofluorescein (DCF). The number of DCF-positive cells was significantly increased by exposure to NO 2 LDL but not NO 2 -LDL ( Figure 7, A and B) . Spectrometric quantification of fluorescence staining also revealed that macrophages from WT mice showed significantly more ROS generation in response to NO 2 LDL than macrophages from Cd36-null mice ( Figure 7C ). These studies show that oxLDL-induced ROS generation was mediated by CD36.
Inhibition of macrophage ROS generation restores dynamic phosphorylation of FAK and macrophage migration in the presence of oxLDL.
To determine whether ROS generation impacts macrophage migration, we tested the effect of antioxidants and NADPH oxidase inhibitors. First, we showed that these agents inhibited macrophage ROS generation induced by NO 2 LDL. Macrophages preincubated with antioxidants N-acetyl-cysteine (NAC) and resveratrol and NADPH oxidase inhibitors apocynin and diphenyleneiodonium sulfate (DPI) showed greater than 90% inhibition of DCF staining ( Figure  7D ) compared with control cells. Second, we performed immunoblots for phosphorylated FAK (Tyr576/577) using macrophages preincubated with NAC and apocynin before NO 2 LDL treatment and found that both NAC-and apocynin-treated cells showed a brief increase in phosphorylation of FAK, while untreated macrophages had sustained phosphorylation ( Figure 8A ). Third, we found that macrophage migration in the Boyden chamber in the presence of NO 2 LDL was partially restored when cells were pretreated with antioxidants or NADPH oxidase inhibitors to restore dynamic FAK activation ( Figure 8B ).
Discussion
Previous studies of atherosclerotic plaque progression and regression have revealed the dynamic nature of atherosclerotic lesions and the important role of macrophage neointimal trapping in lesion growth and macrophage emigration to regional lymph nodes in lesion regression (10, 11, (30) (31) (32) . The mechanisms involved in macrophage trapping in the inflamed atherosclerotic neointima are incompletely understood yet represent a novel target for potential therapeutic intervention. In this article, we report that CD36-mediated signals generated in macrophages exposed to oxLDL may be important contributors to this process. CD36 is a transmembrane glycoprotein receptor expressed in monocytes/macrophages, immature dendritic cells, platelets, microvascular endothelial cells, and adipocytes (33) . Macrophage CD36 plays a critical role in foam cell formation by mediating recognition and uptake of oxLDL (16, 34, 35 ). Previous studies from our laboratory and others have NO2LDL induces phosphorylation of macrophage FAK in a CD36-and Src kinase-dependent manner, and FAK mediates macrophage spreading in response to NO2LDL. (A) WT and Cd36-null mouse peritoneal macrophages were exposed to 50 μg/ml NO2LDL for the indicated times at 37°C, and then lysates were subjected to Western blot analysis to detect levels of FAK Tyr576/577 phosphorylation using an antibody specific for the phosphorylated form. Immunoblotting with anti-FAK antibody was used for loading control, and fold changes were calculated from scanned images. (B) WT mouse peritoneal macrophages were exposed to NO2LDL or NO2 -LDL (50 μg/ml) at 0°C or 37°C and examined as in A. (C) Peritoneal macrophages were preincubated with Src kinase inhibitor 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4- shown that Cd36-null macrophages have a severe defect in foam cell formation in vitro and in vivo (12, (36) (37) (38) (39) . Furthermore, atherosclerosis in Apoe-null mice fed a high-fat "Western" diet was significantly inhibited by concomitant genetic deletion of CD36 (12, 13), pharmacologic interference with CD36-oxLDL interactions (40) , or transplantation of Cd36-null bone marrow (15) . We now show that in addition to mediating foam cell formation, CD36 may promote atherosclerosis by modulating macrophage cytoskeletal dynamics, thereby inhibiting emigration from lesions.
The in vivo macrophage peritoneal efflux model used in these studies is an appropriate system to probe the effects of oxLDL on macrophage emigration from inflammatory lesions for several reasons. First, factors influencing monocyte recruitment are eliminated; all studies begin with similar number of cells in the peritoneal cavity. Second, as with emigration of macrophages from atherosclerotic lesions, in this model the fate of the emigrating peritoneal cells is transit to regional lymph nodes (18) . It is interesting that while abrogation of CD36 only partially restored macrophage migration in the presence of oxLDL in in vitro migration assays, it completely restored migration in the in vivo model. Although CD36 has extremely short cytoplasmic domains, it has been shown to function as a signaling molecule in macrophages (16) , microglial cells (17) , endothelial cells (41), and platelets (42, 43) . In these cells, CD36 ligands, such as oxLDL, TSP-1, bacterial cell wall components, and amyloid Aβ, have been shown to induce signaling cascades that involve recruitment and activation of the Src family tyrosine kinases Fyn and/or Lyn, with subsequent activation of specific MAP kinases including p38 and JNK2. In macrophages, pharmacologic blockade of Lyn or JNK inhibited CD36-mediated foam cell formation, while in microvascular endothelial cells, blockade of p38 or Fyn inhibited CD36-mediated antiangiogenic responses (16, 41) . In this article, we show for the first time to our knowledge that oxLDL-mediated CD36 signals led to enhanced actin polymerization associated with sustained phos- 
Figure 6
Inactivation of SHP-2 by NO2LDL. (A) Peritoneal macrophages from WT and Cd36-null mice were exposed to 50 μg/ml NO2LDL for the indicated times. Western blot analysis of lysates was performed with an antibody against phospho-SHP-2 (Tyr580) (upper blots) and total SHP-2 (t-SHP-2; lower blots). Dephosphorylation of SHP-2 was rapid and sustained in WT but not Cd36-null cells. (B) Lysates from macrophages incubated with NO2LDL for the indicated time periods were incubated with 5-F-IAA to acetylate available cysteine residues. Cell lysates were then immunoprecipitated with anti-SHP-2 antibody and analyzed by SDS-PAGE. The fluoresceinated SHP-2 band was detected by in situ fluorescence scanning of the gel. Decreased band intensity of fluoresceinated SHP-2 indicates time-dependent oxidation of the active site cysteine and inactivation of SHP-2.
phorylation of Tyr576/577 in the active site of FAK. Direct phosphorylation by Src family kinases likely contributes to FAK activation in this setting (24) , as our experiments revealed that Src kinase inhibitors blocked FAK activation by oxLDL. As previous reports revealed that CD36 physically associates with integrins and may form a functional receptor complex (44, 45) , it is possible that integrins are also involved in FAK activation by oxLDL-CD36 interaction. We also showed that oxLDL interactions with CD36 led to inactivation of SHP-2, the major inactivating phosphatase for FAK. The mechanism of SHP-2 inactivation was shown to be oxidative modification of the catalytic site. Previous reports have shown that oxidative inactivation of protein tyrosine phosphatases, including protein tyrosine phosphatase-1B (PTP1B), SHP-2, phosphatase and tensin homolog (PTEN), and low-molecular-weight protein tyrosine phosphatase (LM-PTP), could be induced by intracellular ROS generated in response to specific receptor-mediated signaling pathways, such as those initiated by EGFR, PDGFR, and TCR (29, (46) (47) (48) (49) . Our studies showed that oxLDL-CD36 interactions in macrophages led to NADPH oxidase-mediated generation of intracellular ROS and that pharmacologic blockade of NADPH oxidase or treatment with antioxidants restored the dynamic activation of FAK and thus abrogated the antimigratory effect of CD36. These findings suggest that CD36 ligands generate downstream signals via intracellularly generated ROS.
The cell migration process consists of actin polymerizationdriven lamellipodia extension, disruption of existing focal contacts, and formation of new focal contacts (22) . Thus, a regulated balance between cytoskeletal assembly and disassembly must be maintained to ensure cell movement. Loss of tyrosine phosphorylation of FAK is temporally associated with disruption of focal adhesions and acquisition of a motile phenotype (50) , suggesting that agonists that induce rapid, short-lived activation of FAK will promote migration (25) , while agonists that result in sustained activation (such as oxLDL) may inhibit migration. Our data are consistent with previous reports that revealed that FAK hyperphosphorylation in cells deficient in SHP-2 activity was associated with impaired migration (26, 51) . By showing that the migration-inhibitory function of oxLDL followed from perturbation of reversible phosphorylation of FAK, we confirmed the importance of highly coordinated dynamic cytoskeletal signaling in regulating cell migration. Our studies with FAK and ROS inhibitors also suggest that functional changes induced by oxLDL-CD36 interaction were directly related to the CD36-mediated signaling.
In summary, as shown in the model in Figure 9 , our studies have defined what we believe to be a previously unknown macrophage signaling pathway triggered by oxLDL interaction with CD36. The newly described effectors of this pathway, FAK and SHP-2, appear to exert their effect through physical association with CD36. This pathway involves NADPH oxidase-mediated generation of ROS that in turn leads to oxidative inactivation of SHP-2. SHP-2 inactivation coupled with Src family kinase activation results in sustained phosphorylation of FAK and increased actin polymerization. Thus, the net effect of this pathologic CD36 signaling cascade is enhancement of cell spreading and inhibition of migration. These studies provide a mechanistic explanation for oxLDL-induced macrophage trapping in atheroinflammatory lesions and suggest novel ways to promote mobilization and emigration of macrophages. They also provide additional mechanistic support for the atheroprotective effect of antioxidants (52, 53) and CD36 deficiency (12) (13) (14) (15) .
Methods
Reagents and antibodies. LDL prepared from human plasma by density gradient ultracentrifugation (54) was oxidatively modified using 2 different methods. NO2LDL was generated using the MPO-hydrogen peroxidenitrite system described previously (35) . Cu 2+ oxLDL was generated by dialysis with 5 μM CuSO4 in PBS for 6 hours at 37°C. Oxidation was terminated by dialysis against PBS containing EDTA (100 μM). Ac-LDL and PMA were purchased from Invitrogen. LPS, 5-fluorescein-iodoacetamide (5-F-IAA), NAC, resveratrol, apocynin, and DPI were purchased from Sigma-Aldrich.
Antibodies against Tyr576/577 p-FAK, FAK, Tyr580 phospho-SHP-2, and SHP-2 were purchased from Cell Signaling Technology. Anti-fluorescein antibody, fluorescein-conjugated phalloidin, and 5-(and-6)-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) were purchased from Invitrogen. Anti-β-tubulin and PE-conjugated anti-Mac-1 antibodies were purchased from Abcam. Anti-neutrophil antibody MCA771FA was purchased from AbD Serotec. PE-conjugated annexin V apoptosis detection kit was purchased from BD Biosciences -Pharmingen. FAK inhibitors (PF-573,228 and PF-562,271) were provided by Pfizer. Src kinase inhibitor PP2 was purchased from Calbiochem. CNBr-activated sepharose 4B was purchased from GE Healthcare.
Animals and cells. All animal studies were approved by the Institutional Animal Care and Utilization Committee of Cleveland Clinic. Cd36-null mice
Figure 8
Antioxidants and NADPH oxidase inhibitors restore dynamic activation of FAK and macrophage migration. (A) Peritoneal macrophages were pretreated with antioxidant (20 mM NAC) or NADPH oxidase inhibitor (10 μM apocynin) and incubated with 50 μg/ml NO2LDL for the indicated times. Cells were then lysed and subjected to immunoblotting to detect FAK Tyr576/577 phosphorylation. (B) Peritoneal macrophages were pretreated with antioxidants or NADPH oxidase inhibitors and then loaded into a Boyden chamber with NO2LDL. Migrated macrophages were counted after 16 hours as described in Figure 2 . † P < 0.05, *P > 0.05 compared with no treatment.
Figure 9
Model depicting CD36-dependent mechanism of macrophage trapping in the neointima. oxLDL interacts with CD36 to induce a signaling cascade that leads to activation of specific Src kinases (e.g., Lyn), which in turn phosphorylate and activate FAK and lead to actin polymerization. oxLDL interactions with CD36 also lead to NADPH oxidase-mediated generation of intracellular ROS, which in turn induce oxidative inactivation of SHP-2, resulting in sustained FAK activation that perturbs cytoskeletal disassembly. The net effects are enhancement of cell spreading with concomitant inhibition of migration and therefore trapping of cells in the neointima. PTP, protein tyrosine phosphatase. generated by targeted homologous recombination were described previously (55) and were backcrossed such that they were genetically more than 98% C57BL/6. Littermate-derived background-matched mice were used as controls. Mouse peritoneal macrophages were collected by lavage 4 days after intraperitoneal injection of thioglycollate (1 ml, 4%). Cells were cultured in RPMI containing 10% FBS. The human monocyte cell line THP-1 was obtained from ATCC. Human monocytes were isolated from peripheral blood by Ficoll-Hypaque centrifugation and were cultured in RPMI containing human bovine serum (10%) for 7 days for macrophage differentiation.
In vivo migration assay. To demonstrate the effect of lipoproteins on mouse macrophage migration, we modified the macrophage efflux model previously described by Cao et al. (18) . WT and Cd36-null mice were injected intraperitoneally with 1 ml of 4% thioglycollate. After 5 days, the mice were injected intraperitoneally with PBS, NO2 -LDL (50 μg), or NO2LDL (50 μg), and 1 hour later they were injected with LPS (250 μl; 5 μg/ml). After 4 hours, the peritoneal cells were collected by lavage and counted using a Beckman Coulter particle counter. The percentage of macrophages in the lavage was quantified by flow cytometry with PE-conjugated anti-Mac-1 antibody. Macrophage count was plotted as migration index. Migration index is defined as [1 -(peritoneal macrophage count from each animal/average number of peritoneal macrophages of the thioglycollate-only control group mice)] × 100 (%). Significance was determined using ANOVA followed by Bonferroni's multiple comparison test. Polymorphonuclear neutrophils in the lavage staining for Mac-1 were detected using a specific anti-neutrophil antibody and accounted for less than 1% of the total population.
In vitro migration assay (modified Boyden chamber migration assay). Migration of mouse peritoneal macrophages, human peripheral blood-derived macrophages, and PMA-treated THP-1 cells was measured in a modified Boyden chamber migration assay using Transwell inserts with a 5 μm porous membrane (Corning) or the Chemicon QCM 96-well (5 μm) Cell Migration Assay kit (Millipore). Cells were loaded into the migration chamber with various lipoproteins, including NO2 -LDL, NO2LDL, and Cu 2+ oxLDL. Medium containing 10 ng/ml MCP-1 was placed in the lower chamber in some studies. After allowing cell migration for 16 hours, cells were removed from the upper side of membranes, and nuclei of migratory cells on the lower side of the membrane were stained with DAPI. The number of migratory cells was determined by fluorescence microscopy. To evaluate the effect of antioxidants and NADPH oxidase inhibitors on macrophage migration, cells were pretreated with NAC (20 mM), resveratrol (100 μM), DPI (0.5 μM, 2 μM, and 4 μM), or apocynin (2 μM, 10 μM, and 100 μM) for 1 hour prior to loading onto the migration chamber.
Cell spreading assay. Mouse peritoneal macrophages were placed onto serum-coated coverslips at 37°C. After 30 minutes to allow macrophages to adhere to the surface, 50 μg/ml of NO2 -LDL or NO2LDL was added. After the indicated incubation times, cells were fixed with 4% paraformaldehyde and stained with fluorescein-conjugated phalloidin. Spread cells were counted using a Leica TCS SP2 spectral laser confocal microscope (Leica Microsystems), and the cell surface areas were measured using Image-Pro Plus software (Media Cybernetics). In some studies, macrophages were incubated with specific FAK inhibitors (PF-573,228 and PF-562,271) at 10 μM for 1 hour prior to addition of NO2LDL.
Flow cytometry assays. To quantify apoptosis in peritoneal macrophages in the in vivo migration studies, 10 5 cells were rinsed with PBS, incubated with PE-annexin V and 7-AAD at room temperature for 15 minutes in the dark, and then counted by flow cytometry using a BD FACScan. Data were analyzed by CellQuest version 3.3 (BD). To quantify neutrophils in the mouse peritoneal exudate, cells were coincubated with FITC-conjugated
